O 20 ± δ solid solutions, which have a unique columnar structure, were studied. Elec trical conductivity in these solid solutions was studied by impedance spectroscopy.
Many complex oxides of the Bi 2 O 3 -MoO 3 system have bright catalytic properties and are therefore well studied [1] [2] [3] [4] [5] . In particular, they are highly selective catalysts for oxidation and oxidative ammonolysis of olefins [6] [7] [8] [9] . Bismuth molybdate of 1 : 1 composition (Bi 2 MoO 6 exists in three polymorphs [10] . The low temperature Bi 2 MoO 6 phase (γ(L), koechlinite) is an Aurivillius phase, which consists of an alternation of (Bi 2 O 2 ) n layers and a layer formed by disordered MoO 6 octahedra [11] . When heated in the region of 840 K, the γ(L) phase reversibly transforms to a transient medium temperature γ''(I) phase, which is also an orthorhombic Aurivillius phase where an oxygenmolybdenum layer is formed of МоO 4 tetrahedra [12] . Lastly at 877 K an irreversible transition occurs from γ''(I) to a high temperature γ'(Н) phase. The structure of γ'(Н) Bi 2 MoO 6 was established by high resolution X ray powder diffraction [13] and single crystal X ray diffraction [14] : cations form a fluorite like network, which consists of infinite channels composed of Bi-O polyhedra and surrounded by МоO 4 tetrahedra.
A high bismuth region of the Bi 2 O 3 -MoO 3 system is studied insufficiently; in particular, there are con troversial data on the extent of solid solutions based on the Bi 26 Mo 10 O 69 ± δ phase [15, 16] . The structure of Bi 26 Mo 10 O 69 ± δ (Bi 13 Mo 5 O 34 ± δ ), which has been estab lished comparatively recently, is close to the structure of stoichiometric Bi(Bi 12 O 14 )Mo 4 VO 20 ± δ [17] and is related to the structure of γ'(Н)-Bi 2 MoO 6 . This struc ture can be described as a network of infinite columns (channels) (Bi 12 O 14 ) n , surrounded by (Mo,V)O 4 poly hedra and additional isolated bismuth atoms. This complex oxide and its base substitutional solid solu tions (Bi 26 Mo 10 -x M x O 69 ± δ and Bi 26 -x M x Mo 10 O 69 ± δ , where M = Ca, Sr, Ba, Pb, or W) [18] are promising one dimensional oxygen ion conductors.
Here, we study the substitutions of cobalt atoms for bismuth and molybdenum positions in Bi 26 Mo 10 O 69 ± δ . These substitutions are theoretically possible, as follows from a comparison of the ionic radii of bismuth(+3) and cobalt(+2) in a coordination surrounding with CN = 8 ( = 1.17 Å, = 0.9 Å; substitution at the position of an isolated bismuth atom) and a comparison of the radii of cobalt(+2) and molybdenum(+6) in a tetrahedral surrounding ( = 0.58 Å, = 0.41 Å, substitution of cobalt for molyb denum positions in an MoO 4 tetrahedron) [19] .
EXPERIMENTAL
The subject matters of this study were solid solutions samples: Complex oxide powders were prepared by standard ceramic technology in the temperature range 770-1170 K in 100 K steps with 10 h exposure at each step. The compositions of the initial mixtures, intermediates, and final products were monitored using X ray powder diffraction (D8 ADVANCE dif fractometer, CuK α radiation, β filter, position sensi tive VÅNTEC detector). Unit cell parameters were calculated and the structure was refined using TOPAS [20] and FullProf [21] program packages. Particle sizes were determined on a SALD 7101 Shimadzu dispersion analyzer. Densitometric analysis involved pycnometric density measurements using isopropanol as working liquid. Differential thermal analysis was performed in the temperature range 290-1070 K using an STA 409 PC Luxx Netzsch thermal analyzer. The reference used was alumina. Samples for conductivity measurements were powders of the test phases com pacted into briquettes 10 mm in diameter and sintered at 1170 K (the final synthesis temperature) for 24 h. Microstructures of sintered samples were examined using JEOL JSM 6390LA scanning electron micro scope equipped with a JED 2300 X ray energy disper sive microanalyzer. Electrical conductivity was studied 
RESULTS AND DISCUSSION

Synthesis and Structure
In designing an experiment to prepare solid solu tions, we took into account that in order for the bis muth sublattice of bismuth molybdate Bi 26 Mo 10 O 69 to be doped, the substituent atom should acquire a coor dination surrounding with CN = 8, and in order for the molybdenum sublattice to be doped, it should have CN = 4. According to [19] , neither of these surround ing types is intrinsic to a cobalt ion with the oxidation number +3; its preferred coordination is with CN = 6. Therefore, the cobalt oxidation number in these com pounds was formally taken to be +2, for the reason that both cubic and tetragonal oxygen coordinations are intrinsic to Co 2+ ions. Unfortunately, the determi nation of an actual cobalt oxidation number was strongly hampered by small cobalt concentrations (1.1 at % without oxygen atoms and 0.4 at % with oxy gen atoms taken into account). 
where ρ phase mixture , ρ phase1 , and ρ phase2 are, respectively, the sought density and the densities of the constituent phases of the mixture; ω phase1 and ω phase2 are, respec tively the weight fractions of the phases.
The theoretical density of a single phase sample was taken to be the X ray density. The results are dis played in Table 1 . Nice agreement is observed between the theoretically calculated and experimentally deter mined compositions and relations of phases. The results of energy dispersive X ray microanalysis for Bi 12.8 Co 0.2 Mo 5 O 34 ± δ show somewhat inhomogeneous distribution of cobalt atoms over the bulk of the sam ple; the average cobalt content, however, is close to the as batch composition and agrees with the results of elemental analysis ( = 1.11, = 1.06, = 1.52 at %).
Noteworthy, the closeness of bismuth and molyb denum lines in the energy dispersive spectrum cannot provide a reliable determination of each of these ele ments, but allows their overall content to be deter mined quite exactly. When cobalt is doped into the molybdenum sublattice, solid solution formation is also limited to y = 0.2. As the dopant concentration increases, bismuth molybdate of composition Bi 38 Mo 7 O 78 is segregated. The resulting powders have particle sizes within a range of 1-10 μm.
PbBi 12 Mo 5 O 34 and Bi 13 Mo 5 O 34 ± δ were chosen to be the initial structures in the refinement of crystal structure for single phase samples [15, 22] . The ther mal factors of light (oxygen) atoms in both cases were not refined because of a strong disorder intrinsic to the oxygen sublattices in these compounds. No substantial changes in coordinates relative to the initial com pound have been found. Table 2 due to not only the incorporation of cobalt atoms into the molybdenum sublattice but also to the formation in this case of [BiO 3 E] polyhedra, where E stands for the 6s 2 lone pair of bismuth; the formation of this pair is also suggested in [17, 23] .
As follows from the structure refinement, the molybdenum position Mo1 is split in both of the aforementioned compounds. The atom Mo1 is in tight contact with two [Bi 12 O 14 ] n columns and has a complex double tetrahedral surrounding. This is illustrated by Fig. 2 , which images the coordination surrounding in O 14 ] n col umns, but for isolated atoms, site occupancies remain at the previous level and are well fitted by a combina tion of site occupancies for the cobalt and bismuth atoms that reside in this position. The high thermal factor intrinsic to these atoms is due to the split of their position into a pair of closely lying positions with ran dom distribution over them. This effect is observed both in the host compound and in all cobalt doped samples. When different oxidation numbers for cobalt are introduced into calculations, the general structure pattern remains unchanged.
In order to evaluate the thermal stability of test samples, high temperature thermal studies were car ried out. Neither weight change nor thermal events are observed in the temperature range 300-1120 K, and this proves the nonoccurrence of phase transitions or decomposition of complex oxides in air over the range of temperatures studied.
Electrical Conductivity
Two probe impedance spectroscopy using plati num electrodes in the cooling mode was used to study the electrical conductivity of solid solutions. Measure ments were carried out both for single phase and mul tiphase samples. Figure 3 shows representative imped ance spectra for Bi 13 Mo 4.8 Co 0.2 O 34 ± δ at different tem peratures. This type of spectrum is characteristic of all test samples. The equivalent circuit of the cell that cor responds to the occurrence of processes in a certain temperature range was selected using Zview software (Version 2.6b, Scribner Associates, Inc.). One can see that the dependence of the imaginary part of the com plex impedance on the real part changes in response to changing temperature. At relatively low temperatures, the curve features an asymmetric semicircle. Further, the impedance curve smoothly transforms to a straight line with a slope close to 45°. Thus, the cell circuit for the low temperature range is a series connection of resistors R1 and R2 with parallel connected CPE1 and CPE2, which characterize the electrolyte material, and a closed Warburg diffusion element W1 (Fig. 4a) . CPE elements in the equivalent circuit denote constant phase ele ments.
The resistor R1 and CPE1 in parallel connection correspond to the bulk conductivity of a sample; R2 and CPE2 correspond to the grain boundary resis tance of grains, and their sum corresponds to overall resistance. Thus, the conductivity of a polycrystalline sample at low temperatures was calculated proceeding from the value of R1 + R2. The Warburg element W s describes the occurrence of diffusion processes in the chosen temperature range. The orders of magnitude of capacitance of CPE2 and CPE1 (10 -8 and 10 -11 F) allow them to be assigned to grain boundary and bulk conductivity, respectively [24] . Increasing tempera ture considerably enhances oxygen diffusion and adsorption on electrodes, and the Warburg element leaves the circuit (Fig. 4b) . The impedance curve now looks as a semicircle of a smaller radius, which trans forms to a semicircle of a larger radius. The small semicircle (connection of R2 and CPE2) may be assigned to the grain boundary resistance, while the semicircle corresponding to the bulk resistance is lev eled out and characterized only by the value of resistor R1. As at low temperatures, the overall resistance will be characterized by the sum of R1 and R2. The parallel connection of R3 and CPE3 in this case describes those electrode processes in the measured system that are undetectable at low temperatures on the background of diffusion processes. The capacitance of CPE2 is on the order of 10 -8 F and that of CPE3 is 10 -6 F, which is typ ical of oxide systems.
The measurements showed a considerable increase in electrical conductivity relative to the host com pound. Figure 5 displays concentration and tempera ture dependent electrical conductivity curves. For cobalt doping, in the sample doped with cobalt in the molybdenum sublattice, the electrical conductivity was found to be slightly higher than in the sample doped with the same cobalt amount in the bismuth sublattice. Most likely, doping into the molybdenum sublattice is more efficient due to the transfer of iso lated bismuth atoms to the molybdenum sublattice and the formation of BiO 3 E tetrahedra. Castro et al. [23] suggest that the 6s 2 lone pair of an discrete bis muth atom inhibits oxygen diffusion, and removal of bismuth from the discrete position would increase the electrical conductivity. The compound with x = 1, which is isostructural to Bi 2 MoO 6 , showed lower val ues. Table 3 compares the values of activation energies and electrical conductivities for the newly studied and known materials. Judging from the values found in the range 670-770 K, these materials are competitive with known oxygen ion conductors and can be tested as electrolytes for electrochemical devices. 
